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three states of mechanical behavior; the first characterized by mobili

zation of little or no horizontal deformation, the second showing 

increasing horizontal deformation with increasing load, and the third 

characterized by large increases in lateral deformation at relatively 

constant loads; i.e., a state of near plastic flow. Such trends were 

very similar to those noted with the Mortenson Road in-situ modified SBV 

tests, thus confirming that vertical load versus lateral deformation analyses 

might better describe actual material behavior. 

Table 43 presents data obtained from Figure 113 for the state of in

situ failure previously discussed with the Mortenson Road section. At 

the assumed point of failure, each load, vertical deformation and horizontal 

deformation were obtained, and the ratio of horizontal to vertical defor

mation contact area and failure stress were computed. In general the 

fiber treated sections appeared to experience higher vertical deformation 

than the controls, a condition consistent with observations made in the 

laboratory investigations. However, with the exception of Section 4, all 

fiber treated sections experienced smaller amounts of lateral deformations 

than the controls, again consistent with observations from the laboratory 

investigation. 

Ratio of horizontal to vertical deformation at the defined failure 

point was assumed to be a reasonable parameter for expressing the overall 

stability related to strain characteristics of the roadway soil-fiber 

composite. All fiber treated sections produced lower ratios than the 

controls, implying an improvement in stability of the roadway materials. 

Sections 1, 3, and 6 produced the lowest ratios, confirming that fiber 



Table 43. Average in-situ SBV deformations and stresses at defined failure, Prairieburg 

Ratio of 
Vertical Horizontal Horizontal Failure 

Fiber Type and Deformation, Deformation, to Vertical Stress, 
Testing Location Weight Fraction in. in. Deformation psi 

Control East None 0.51 0.03 0.059 828 

Section 1 0.06% 15 dpf polypropylene 0.78 0.02 0.026 476 

Section 2 0.13% 15 dpf polypropylene 

Section 3 0.1% Type E Fiberglass 0.62 0.02 0.033 680 

Section 4 0. 29% Type E Fiberglass 0.74 0.035 o. 04 7 520 N 
00 
~ 

Section 5 0.29% 360 dpf fib. polypropylene 0.50 0.02 0. 040 652 

Section 6 0.1% 360 dpf fib. polypropylene 0.56 0.015 0. 02 7 582 

Control West None 0.54 0.025 0. 046 639 
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reinforcement was most effective at the lower fiber weight fractions. 

The ratios for sections 1, 3, and 6 were 0.026, 0.033 and 0.027, 

respectively, indicating that the 360 dpf fibrillated and 15 dpf mono

filament polypropylene fibers produced almost equal amounts of lateral 

to vertical deformation ratios, and again confirming that in-situ fiber 

reinforcement potential may be more sensitive to fiber weight fraction 

than to types of fiber. 

Since the Linn County Prairieburg soil-fiber composite sections were 

covered with six inches of portland cement concrete pavement in late 

June, 1982, no further modified SBV tests could be conducted therein 

during the fall season. However, a series of tests were conducted on the 

Story County Mortenson Road section in September. In order to render 

further credibility to the testing and analytical procedure adapted with 

the modified SBV test, 8 tests were conducted on the east and west controls, 

while 14 tests were performed on the fibrillated polypropylene fiber 

section. In addition, lateral deformations were measured in duplicate at 

2 inches from center of load application only. 

Plots of this data could again be broken into the three mechanical 

states of load-deformation previously noted as SBV(l), SBV(2), and SBV(3), 

used to indicate respective stabilities and stiffnesses of the full depth 

structure, fiber base plus subgrade, and subgrade only, Table 44. In

corporation of the 360 dpf fibrillated polypropylene fibers increased 

the overall SBV(l) by 32%. Earlier SBV(l) results noted that the fibers 

improved stability by about 37%, indicating that the modified SBV test is 

reproducible. The September 1982 results however should be more 
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Table 44. Mean of SBV results for Mortenson Road section, September 1982 

Untreated Fiber x Treated 
Control* Treated** x Untreated 

SBV(l) 403.4 + 133.3 530.8 + 162.7 1.32 

SBV(2) 232.1 + 53.7 259. 2 + 62.7 1.12 

SBV(3) 135. 9 + 37.3 133.7 + 27.2 0.98 

Ratio SBV(l) 3.03 + 0.79 4.18 + 1.75 1.38 SBV(3) 

Ratio 
SBV(2) 1.78 + 0.43 1.97 + 0.46 1.11 SBV(3) 

Stress at (1) ' psi 474.1 + 128.5 612.0 + 188.5 1.29 

Stress at (2) ' psi 326.3 + 90.4 346. 9 + 75. 6 1.06 

Stress at (3) ' psi 278.4 + 79.9 286.2 + 55.5 1.03 

* Mean and standard deviation of 8 values. 
** Mean and standard deviation of 14 values. 
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representative of performance improvement since a larger number of tests 

were involved, each being conducted at the same point of time. The 

increase in SBV(l) due to fiber treatment was also similar to data 

observed from several of the laboratory tests. 

Improvement of SBV(2), base plus subgrade, was only about 12%. The 

earlier observation of SBV(2) was about 9%, further confirming reproducibility 

of the test data. Representing the stability and stiffness of the sub-

grade, SBV(3) for the untreated and fiber treated sections were basically 

identical, confirming the potential for use of SBV(3) as a common 

denominator for any performance ratio analysis. 

Ratios of SBV(l) to SBV(3), and SBV(2) to SBV(3),.are also presented in 

Table 44. Percentages of improvement were quite similar to those noted 

above. 

Stresses for each break point at which the slopes of the individual 

load versus contact curves changed are presented in Table 44. The stress 

at break point (1) represented the stress condition at which the 

surfacing material lost most of its load capacity. Similarly the stress 

conditions were defined for the fiber base (stress at (2)) and the subgrade 

(stress at (3)). The latter may represent the stress at which the sub

grade, as well as the roadway structure tends to fail, or at least 

experiences considerable plastic flow. As may be noted from the table, 

the potential percentages of improvement of breakpoint stresses due to 

fiber incorporation into the Mortenson Road material were not unlike those 

noted above. 
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SUMMARY AND CONCLUSIONS 

The purpose of the study reported herein was to conduct a laboratory 

and field investigation into the potential of improving (a) soil

aggregate surfaced and subgrade materials, and (b) localized base course 

materials, through fibrous reinforcement. The study was also directed to 

determining (a) what type or types of fibers were effective as reinforce

ment agents, (b) were workable fibers commercially available, and (c) 

whether such fibers would be effectively incJrporated with conventional 

construction equipment and employed in practical field applications. 

A review of literature demonstrated that fiber composites are com

prised of a matrix material, plus fibrous materials. Matrix materials 

could be classified into organic and inorganic, while fibers could be 

classified into synthetic and natural depending on their origin. Param

eters influencing the integrity of fiber composites were fiber volume 

fraction, fiber diameter, fiber length, fiber orientation, and strength of 

the fiber-matrix interfacial bond. The two most important parameters 

appeared to be fiber volume fraction and fiber-matrix interfacial bond. 

Short fiber composite efficiency factors appeared to account for the 

effects of length and orientation. What sparse studies of soil fiber 

composites that could be found showed behavior similar to fiber reinforced 

concrete. Therefore techniques applied in fiber concrete might be 

appropriate in regard to a study of soil-fiber composites. 

Types of fibers that were initially screened for possible investi

gation included nylons, polypropylenes, dacron, kevlar, lycra, polyesters 

and fiberglass. Configurations of these fibers ranged from 1.5 to 360 
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denier, 0.25 to 6 inch lengths, monofilaments, crimped and uncrimped, 

pentalobal cross section, tape, yarn, and fibrillated tape. Costs, 

survivability in a soil, availability, geometry, mechanical properties, 

and ability for incorporation by conventional mixing techniques into a 

soil reduced the final fiber selections to Type E fiberglass, polypropylene 

monofilament (both uncrimped and crimped), and fibrillated polypropylene 

tape. Diameters and lengths of these fibers were 0.002 - 0.009 inch and 

0.25 to 1.5 inch respectively. Laboratory mixing of such selected fibers 

could easily be accomplished by either hand or mechanical mixing techniques. 

Fibers longer than 2-3 inches were extremely difficult to laboratory mix 

with any soil. Crimped fibers were somewhat more difficult to mix than 

the uncrimped fibers. 

Guidelines for selection of soils for this investigation involved 

the potential for field test sections of selected fibers. Roadway sites, 

and their respective soils, were sampled from Sioux City, Story County, 

and Linn County. AASHTO classifications of the sampled soils ranged from 

A-2-4(0) to A-6(3). Ultimately, test sections were constructed in Linn 

County near Prairieburg, Iowa, and in Story County, on Mortenson Road 

near the southwest corner of Ames. 

In the laboratory investigation, Iowa K-Test data was analyzed 

through the computer aided Statistical Analysis System (SAS). While some 

relationships were attained between the untreated and fiber treated soils, 

no basic improvements were noted. Any reinforcing mechanism of fiber 

which tended to show improvement in c, ¢, E, K or Q required large 
0 

vertical strains in order to become apparent. The stiff constant elasticity 
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K-Test mold prohibited the amount of radial strain necessary to mobilize 

fiber reinforcement, causing the more conventional K-Test to act like a 

consolidation test, with the soil matrix failing in shear prior to fiber 

reinforcement mobilization. 

Results from unconfined compression testing of the untreated soils and 

soil-fiber composites provided considerable input into selection of fibers 

for use in the field test sections. 

Incorporation of fibers within each soil tended to decrease maximum 

dry density and increase optimum moisture content of the composites, due to 

increased voids caused by fiber seperation of the soil· particles. 

Unconfined compressive strengths generally increased with increasing 

fiber weight fraction up to a maximum, with no further increase due to 

increased fiber contents. In most cases, optimum fiber weight fraction was 

between 0.05% and 0.4% by dry soil weight. Greater percentage increases in 

unconfined compressive strengths were generally obtained at higher rather 

than at lower moisture contents. 

Unit strain at failure of unconfined compressive strength specimens, 

generally increased with increasing fiber weight fraction, indicating 

improved ductile properties. In some instances, failure did not occur 

with the higher fiber weight fractions and UCS testing was stopped to avoid 

causing damage to equipment. 

No consistent trends were obtained regarding vertical strain moduli 

within the UCS testing. E varied from positive improvement to 

reduction. This parameter exhibited such large variability that statistical 

modelling was not possible. 
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Fibers significantly increased the modulus of toughness as determined 

from the UCS testing, serving as an indicator of how fibers influenced the 

ductility of the soil-fiber composites. 

Compressive strength improvements due to fiber incorporation appeared 

dependent on gradation characteristics of the soils. While the A-2(4), A-4(0), 

and A-6(2) soils were all fairly well graded, they did not provide equal 

amounts of strength increase with equal, or variable, fiber weight fractions. 

The A-2(4) produced the best results, followed by A-4(0) and A-6(2) soils 

in that order, and tended to correlate .with plasticity of the soils. 
' 

Smaller diameter fibers tended to provide the best increases in 

compressive strength parameters. Overall, the 15 dpf crimped polypropylene 

fibers appeared to produce the most benef iciation in compressive strength 

characteristics. L~rger aspect ratios, coupled with crimped configurations, 

thus appeared to .most influence integrity· of the soil fiber composites. 

Modification of the soil matrix through the introduction of low 

percentages of hydrated lime ox type 1 portland cement provided improved 

matrix-fiber interfacial bonding, resulting in improvements in 

compressive characteristics, ductility, and control of cracking through 

brittle failure. 

Increased compactive effort, from standard to modified AASHTO, resulted 

in increased soil matrix strength and somewhat improved interfacial fiber-

matrix bond. 

Laboratory California Bearing Ratio values indicated improved ratios 

with the soil-fiber composites, being the most effective in the sandy 

A-2-4(0) soil and less effective in the finer grained soils. 
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Cyclic load tests were conducted using a thin-walled variable 

expansion Iowa K-Test mold in order to study portions of the mechanistic 

behavior of the soil-fiber composites. In general, the composites showed 

improved performance at both high vertical stresses and moisture contents 

above optimum, but appeared due to increased vertical deformations 

producing higher lateral displacements needed to mobilize tensile properties 

of the fibers. The efficiency of soil-fiber reinforcement appeared largely 

dependent on the integrity of the soil-fiber interfacial bond. Maximum 

beneficiations of fiber reinforcement appeared associated with parameters 

of horizontal or lateral stability which were sizeably enhanced by addition 

of fibers into the soil matrix. The 15 dpf crimped polypropylene fibers 

provided the most improvement in cyclic load test stability parameters, 

followed by the 360 dpf fibrillated polypropylene and the 15 dpf monofilament 

fibers. Modification of the Sioux City loessial soil matrix through the 

addition of 3% Type I portland cement further enhanced the lateral 

stability characteristics of the soil-fiber composites. 

Combined freeze-thaw and cyclic load K-Tests were conducted on Sioux 

City loessial soil and soil-fiber composites. Use of the fibers decreased 

freeze-thaw volumetric change on the order of 40% as compared with the 

untreated soil. When the soil-fiber matrix was modified with a low 

percentage of cement, freeze-thaw volumetric expansion was eliminated, 

indicating an extremely stable composite material. Compared to the 

modified soil matrix, the modified soil-fiber matrix provided up to 40% 

improvement in composite stiffness as evaluated through the cyclic load 

test following 10 cycles of freeze-thaw. 
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Utilizing data from unconfined compression tests, and a concept 

from fiber reinforced concrete, an overall efficiency factor for several 

fibers was calculated. The 15 dpf crimped polypropylene fiber composites 

had the highest efficiency factors, a condition consistent with most of 

the laboratory investigations. 

Ratios of soil particle surface area to fiber surface area were 

calculated for various fiber weight fractions within the Sioux City loessial 

soil. These ratios ranged from as high as 15.4 for the. fiberglass to less 

than 1.0 for the 15 dpf polypropylene monofilament fibers. In general, 

the study suggested a surface area ratio of near 1.0 as probably producing 

the most beneficial compressive strength and workability (mixing) 

characteristics. 

Through Scanning Electron Microscopy, three types of fibers were 

compared before and after compacted incorporation and UCS testing within 

the Sioux City loessial soil. The 15 dpf straight polypropylene exhibited 

severe surficial damage after compaction and testing, the 360 dpf fibrillated 

polypropylene incurred ·1ess surficial damage, and the fiberglass appeared 

undamaged. This examination coupled with the UCS testing, suggested that 

surface damage may relate to greater frictional contact with the soil 

particles with an accompanying improved reinforcement capability. 

A fiber pull-out test was designed to assist in understanding some of 

the micro-properties of a soil-fiber composite. Utilizing a concept from 

fiber composite technology and the determined frictional bond strengths 

from the pull-out test, critical fiber lengths were calculated for the 15 

dpf monofilament and 360 dpf fibrillated polypropylene under vertical 

stresses up to 75 psi. The study demonstrated that as soil-fiber bond was 
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increased, the length of fiber required to effectively transfer matrix 

stress to the fibers ultimate stress capacity decreased. Since fiber 

lengths used in most of the laboratory investigations were less than the 

calculated critical lengths, the soil-fiber composites should not fail by 

fiber fracture, but by sliding along the soil-fiber interface. This mode 

of failure may explain the observed ductility (toughness) of the soil-fiber 

composites. 

Trafficability testing of untreated Sioux City, Mortenson Road and 

Prairieburg soils indicated that each were incapable of sustained 75 psi 

wheel loadings when utilized as surface course. Incorporation of fibers 

in each soil indicated varying degrees of improved stability through rut 

depth measurements. Further improvement in stability was observed when 

cement modification of a soil matrix provided increased soil-fiber inter

f acial bonding. 

Results of a study of tensile properties of fiber reinforced soil 

illustrated that improved tensile properties may be attained when compared 

to the untreated soil. The magnitude of improvement however appeared 

dependent on soil and fiber types, though tensile properties may be 

improved at moisture contents above the untreated optimum. 

Construction of the Linn County Prairieburg, and Story County Mortenson 

Road test sections, demonstrated that fibers could readily be incorporated 

into a scarified soil material using conventional construction equipment. 

The most satisfactory mixing technique was provided by blowing fiber into 

a rotary mixer chamber with a mulch spreader equipped with a flexible hose. 

Blade mixing provided a reasonably satisfactory random distribution of 

fibers. 
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Immediately prior to field compaction, random samples of each 

Prairieburg and Mortenson Road section were obtained over their full 

depth and returned to the laboratory, where Proctor size specimens of 

each were prepared under standard AASHTO T-99 conditions. Average q , and 
u 

E values of the Mortenson fiber section showed distinct improvement over 

the untreated control during UCS testing, indicative of somewhat 

improved stability. Each Prairieburg field mix appeared to produce a 

greater degree of toughness, coupled with reduced brittleness than the 

untreated control, but only the 360 dpf fibrillated polypropylene specimens 

showed a definite gain in compressive strength. 

Specimens of the Prairieburg field mixed, laboratory compacted 

materials, were subjected to the cyclic load test. In general, the 

finer of the three fibers (15 dpf monofilament polypropylene) provided 

lateral reinforcement benefits coupled with some improvements in vertical 

stability. 

Benkelman beam, plate bearing, and CBR tests were initially used to 

measure in situ influence and performance of the fiber incorporated test 

sections versus their adjacent control sections. Results obtained with 

these tests were considerably varied, and were relatively limited in 

correlation with the laboratory studies. The reason for this anomaly 

appeared due to the laboratory tests primarily indicating improved lateral 

stability characteristics, while each field test was more associated with 

vertically oriented parameters. 

Due to results obtained with the three aforementioned in situ tests, 

the Spherical Bearing Value (SBV) test was then employed since it has 

previously been shown to mobilize stresses in a radial direction. While 
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the conventional SBV test utilizes vertical deformations only, the 

procedure was modified to also provide measurement of horizontal defor

mations. 

Results obtained from the modified SBV field test were analyzed by 

several processes. Ratios of measured horizontal to vertical deformations 

were plotted versus energy, the latter defined as applied vertical loading 

times the corresponding vertical deflection. Such plots showed three 

states of material mechanical behavior. Each plot could be associated 

with properties of the three layered roadway structure of aggregate 

surface, fiber base and subgrade. SBV(l) represented stability of the 

composite three layers, SBV(2) the fiber base plus subgrade, and SBV(3) 

the subgrade only. Results of SBV(l) from several series of such tests 

of the fiber treated sections showed roughly 30% improvement from that of 

the untreated controls. SBV(2) data illustrated about a 10% gain, while 

SBV(3) was essentially equal for subgrade stability values. SBV(l) 

stability improvements due to fiber incorporation in the Prairieburg 

sections appeared somewhat independent of fiber type, but dependent on 

fiber weight fraction. Improvements were noted at fiber weight 

fractions of 0.1% or less, while poorer performance was obtained at the 

higher contents of each of the three fibers. Results of SBV(2) did not 

appear significant and may be attributed to initiation of fiber debonding 

following rupture of the surfacing. Thus fiber reinforcement of roadway 

soils should be associated with base or subbase courses having adequate 

surfacing. 
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RECOMMENDATIONS 

1. In order to validate laboratory investigations with the loessial 

soils, test sections should be instituted for long duration evaluation in 

the Sioux City area, and should consist of an untreated base, soil-fiber 

base, cement modified base, and cement modified soil-fiber base. 

2. Laboratory studies should be expanded to include soil moisture 

contents well into the plastic range and/or approaching their respective 

liquid limits. Such testing should at least include freeze-thaw durability 

and cyclic loading, the latter, both with and without subjection of freeze

thaw. In addition, this study should also examine the effects of soil 

matrix modification with low contents of cement, lime, or fly ash. 

3. Though implied in both items above, methods to improve soil-fiber 

bond should be further investigated, including lengths of fibers that 

approach or exceed the critical length required for soil stress conditions 

present in roadway bases and subbases. 

4. Utilizing data and techniques developed in HR-211, coupled with 

information obtained from items 1-3 above, analytical models should be 

developed for roadway thickness design procedures incorporating fiber 

reinforced base and/or subbase courses. 
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